An efficient freight transportation system is a core part of the modern urban logistics. The transportation system depends on an efficient urban road network. In urban road networks, the failure of some components leads to others failing in succession, triggering cascading failures. This may cause the collapse of the freight transportation system. A cascading failure model is proposed for analyzing the propagation of failures on urban road networks, which can provide guidance for the planning of freight transportation routes in case of emergency. When analyzing the cascading failure process, failed components are commonly deleted permanently. Travelers will avoid failed components, resulting in no increase in traffic flow on the failed components. At the same time, vehicles on these failed components will evacuate slowly to alleviate congestion. Considering this point, this paper proposes a dynamic cascading failure model. This model is established based on a hybrid routing strategy in which traffic flow is distributed according to global and local information. Specifically, the new input traffic demand is assigned along efficient paths in an urban road network (using global information). Efficient paths are determined according to the weights of all edges in urban road networks. Meanwhile, failed edges transfer some traffic flow to their normally working neighbors by self-organization (using local information). The proportion of transferred traffic flow is determined by the residual capacity of the failed edges' normally working neighbors. The feasibility of the proposed model is verified in a partial road network in Changchun, China.
I. INTRODUCTION
Logistics, which support sustained freight transportation in cities, are the foundation and impetus for national economic development. An efficient urban road network can ensure the safe and high-quality transportation of goods. With increasing traffic demand, traffic jams are frequent on urban road networks. Congestion caused by traffic demand variation can lead to temporary failure of network components. Once links or intersections fail, the traffic flow that intends to pass through these failed components is reassigned to bypass the failed components. Eventually, other links or intersections will fail because they cannot handle the extra traffic flow. Without intervention, widespread congestion will continue for a long time and trigger an avalanche mechanism col-The associate editor coordinating the review of this manuscript and approving it for publication was Guangdong Tian . lapsing the whole network. This is the process of cascading failures, which occur when the failures of several nodes or edges lead to other nodes or edges of a network failing in succession, leading to paralysis of part of a network or the entire network [1] , [2] . We intend to study the evolution progress of cascading failures in congested urban road networks, and provide guidance for the planning of freight transportation routes in case of emergency.
Cascading failures not only change the static physical topology of a network, but also have an important influence on the efficiency of the entire system due to the dynamics of flow redistribution [1] - [4] . A number of dynamic models for cascading failures have been proposed in infrastructure networks, such as the Internet, communication networks [5] , [6] and power grids [7] - [11] . The literature on cascading failures in road networks is not extensive. Most studies related to component interruptions in road networks focus on vulnerability analysis [12] - [14] . Both vulnerability analysis and cascading failures involve scenarios of road network component interruptions; in such cases, traffic demand is redistributed through the whole network based on traffic assignment models. However, the research purposes are different. Vulnerability analysis assesses the effects of network degradation due to link disruption [15] , and then identifies critical links. Cascading failure analysis determines which components will fail following those that have already failed. To the authors' knowledge, there are few models for cascading failure analysis in road networks. Wu et al. simulated the process of cascading failures on artificial scale-free traffic networks under three removal strategies [16] . Zheng et al. discussed cascading failures based on the congestion effect, which was expressed by the BPR (Bureau of Public Roads) formula [17] . Wu et al. analyzed the process of cascading failures on four artificially created urban traffic equilibrium networks that had typical topologies, i.e., scale-free networks, small-world networks, random graphs and regular networks [18] . Zheng et al. employed the user equilibrium with variable demand for analyzing the process of cascading failures and applied it in scale-free networks [19] . In these papers, the cascading failure process is analyzed based on the user equilibrium (UE) assignment model [20] . When analyzing the process of cascading failures, failed components are removed completely from road networks. Then, UE assignment is re-executed according to global information. Failures caused by congestion often occur in urban road networks. It is not practical to delete disrupted components permanently in cascading failure analysis, because vehicles on failed components will evacuate slowly to nonfailed components. Some scholars consider local information to establish cascading failure models for road networks, such as coupled map lattice method [21] and cell transmission model [22] . These models focus on the diffusion of congestion. Compared with existing cascading failures models [16] - [22] , we have the following contributions: (1) This paper proposes a dynamic cascading failure model which is established based on a hybrid routing strategy. The hybrid routing strategy considers not only the global information of the road network for distributing traffic flow but also congestion dissipation related to the local information of failed components. Traffic flow is distributed by the hybrid routing strategy as follows: I) The new input traffic demand is assigned along efficient paths. II) Failed components distribute some of the traffic flow to their normally working neighbors. The proposed model was applied in a small-scale urban road network of Changchun to test its feasibility. (2)The impedance of each turning movement (left, right, or straight) in an intersection is different. Thus, urban road networks are represented as directed and weighted networks using the dual method. Links are represented as nodes and turning movements as edges. The dual method can depict the impedance of each turning movement in an intersection and improve the accuracy of the results of cascading failures.
The remainder of the paper is structured as follows. Section II describes the representation of an urban road network. Section III describes the dynamical model for analyzing cascading failures as well as the hybrid routing strategy. Section IV discusses the simulation results in a real urban road network. Section V concludes the paper and outlines the directions for future research.
II. REPRESENTATION OF AN URBAN ROAD NETWORK
Cascading failure analysis primarily involves several aspects: road network representation methods, traffic assignment models, and indicators for assessing the consequences of cascading failures. The road network representation is the foundation of cascading failure analysis. An urban road network is represented as an abstract network G(V , E), where V and E are the set of nodes and edges, respectively. The urban road network is described by an adjacency matrix [e ij ]. e ij is the impedance between nodes. e ij is the basis of traffic flow distribution, and it affects the accuracy of the results of cascading failures. The classic impedance formula made available by the U.S. Bureau of Public Roads (which we abbreviate as the BPR function) is suitable for highways with fewer intersections. There are many intersections in urban road networks, so travel time through intersections should be included in the impedance formula. Each turning movement (left, right, or straight) in the intersection has a different travel time inside the intersection and a different intersection delay. Sometimes delays in different turning movements of an intersection perform very differently. For example, the left-turning lane is very congested, while the straightgoing lane is unobstructed. In view of the above analysis, a suitable approach should be chosen to represent an urban road network. The primal approach and the dual approach are two commonly used methods for abstracting complex road networks. Using the primal method, an intersection is regarded as a node, and a link is regarded as an edge between nodes [23] . This method can reflect the physical structure of an urban road network. Using the dual approach, a link is expressed by a node, and the connection of adjacent links is expressed by an edge [24] . The dual approach can depict the impedance of each turning movement. Therefore, in this paper, the urban road network is represented as a directed and weighted network using the dual approach. As shown in Figure 1 , the physical topology (Figure 1 (a) ) is represented as a weighted and directed network (Figure 1 (b) ) using the dual approach. In the following, the cascading failure process will be analyzed from the perspective of abstract topology. In detail, links in the physical topology are called nodes, and connections (turning movements) between links are called edges. If the turning movement from link i to j in the physical topology is restricted, there is no edge from node i to j in the abstract network.
The urban road network can be represented by the adjacency matrix [e ij ]. The edge weight e ij is defined as the travel time from node i to node j, and e ij contains the impedances of the link and the intersection, expressed as formula (1) . where t i is the travel time of link i. t ij is the intersection turning delay between i and j. t z ij is the turning travel time inside the intersection. Figure 1 (a) provides an illustration of t i , t ij and t z ij . t i and t ij are calculated by the formulas offered by Davidson [25] and Webster [26] , respectively. t z ij is the ratio of the distance from the stop line of link i to the extended stop line of link j and the average vehicle speed. Then, e ij is calculated as formula (2).
where t 0i is the free-flow travel time on link i. J is the correction coefficient. q i is the flow of link i. C i is the capacity of link i. T i is the signal period of the intersection from link i to j. λ ij is the intersection split. s ij is the saturation flow. l ij is the distance of the turning movement inside the intersection from i to j. v ij is the average vehicle speed inside the intersection from i to j. From formula (2), e ij increases with the increase of traffic flow. If the traffic flow of the edge is not less than its capacity, the value of e ij tends to infinity, and then edge ij fails.
III. DYNAMIC MODEL FOR CASCADING FAILURES
Cascading failures are to cases in which some components fail and then others fail successively. In reality, it is impossible to capture the cascading failure process for each component failure. Therefore, on the premise of component failure, a dynamic traffic assignment model is used to simulate the process of cascading failures.
A. INDICATORS FOR ASSESSING THE CONSEQUENCES OF CASCADING FAILURES
In the process of cascading failure, links are interrupted successively, and the efficiency of the road network varies with time. In the cascading failure models proposed in the previous literature [16] - [19] , the indicators used to measure the efficiency of networks are mainly congestion indexes [20] , [27] and the global efficiency index (the sum of the reciprocals of the shortest path distance/time between all nodes) [28] . We use the failure rate and the efficiency of the transportation network to express the impact of cascading failures on the whole urban road network. The efficiency of the whole urban road network is described by the whole-system travel time, expressed as formula (3). The failure rate is the ratio of the number of failed edges to the total number of edges, expressed as formula (4) .
where E(t) is the whole-system travel time at time t · t a (t) and x a (t) are the travel time and traffic flow of link a at time t, respectively. If link a fails at time t, δ t a = 0; otherwise,
where ω(t) is the failure rate at time t. m, m (t) denote the total number of edges and the failed edges at time t, respectively.
B. HYBRID ROUTING STRATEGY
Drivers prefer the shortest path between origin and destination (OD) pairs, but in practice, they do not always choose the shortest path. Additionally, they choose several other paths. All paths selected by drivers are efficient paths. The impedance of these efficient paths should not exceed the user's tolerance range. In this paper, the shortest path is defined as the path of least travel time among all the paths between OD nodes. Due to edge travel time varying with traffic flow, efficient paths are not immutable. Efficient paths are determined according to the edge weight matrix [e ij ] at the previous time. The edge weight is updated according to the traffic flow, which is assigned per time step. The cascading failure model consists of a rule for the time evolution of e ij . At each time step t, we adopt the iterative rule shown in formula (5) .
is the intersection turning delay from i to j at time t-1, and t z ij (t-1) is the turning travel time inside the intersection at time t-1.
The steps for obtaining efficient paths between node r to s are as follows.
Step 1: Obtain the shortest path by the Dijkstra algorithm [29] from origin node r to destination node s. Record the path P 0 rt and the path cost C 0 rt . Set the threshold of the efficient path cost as ηC 0 rt and η > 1. η is the driver tolerance parameter, which determines the number of efficient paths.
Step 2: Calculate the path cost c rj from the origin node r to the current node j according to the edge weight adjacency matrix [e ij ]. c rj is calculated as c rj = c ri + e ij . Node i is the adjacent upstream node of node j.
(a) If c rj ≥ ηC 0 rt , delete the branch; (b) Otherwise, return to step 2. Repeat step 2 until destination node s is searched. The efficient path set R rs is recorded.
With the increase in traffic demand, some edges will be interrupted. In many previous studies, the failed edges are removed from the network, when the process of cascading failures is analyzed. The traffic flow of these failed edges will not increase even if the new input flow is loaded in the urban road network because drivers try to bypass failed edges. Furthermore, the failed edges or nodes can recover to normally working state by distributing some traffic flow slowly to their normally working neighbors. It is can be taken as a self-organization characteristic of the urban road network. Therefore, it is unreasonable that the failed edges are removed from the network permanently. In our paper, a hybrid routing strategy is proposed to distribute traffic flow when analyzing the process of cascading failures. The hybrid routing strategy consists of two parts. The new input traffic demand is not assigned on the failed edges. Meanwhile, some traffic flow on the failed edges transfers to the normally working neighbors of the failed edges. The new input OD demand in the urban road network at time t+1 is distributed along efficient paths at time t. The probability of each efficient path being selected is calculated according to the multinomial logit model [30] , shown as formula (6) .
where r is an origin node and s is a destination node. k is the k-th path between r and s. P k rs is the probability that the k-th path is selected. C k and C h are the travel costs of paths k and h, respectively. C is the average travel cost for all efficient paths. θ is the allocation parameter. m is the number of efficient paths.
Travelers would avoid failed components, resulting in no increase in traffic flow on failed components. Meanwhile, some traffic flow on the failed edges will transfer to downstream normally working neighbors of the failed edges. The edge of the urban road network is the basic research object for analyzing the sequence of cascading failures. Edge and its neighbors are shown in Figure 2 .
Edges in urban road networks can be divided into three categories: (1) unobstructed edges, (2) failed edges, and (3) normally working neighbors of failed edges. For calculating edges' traffic flow, unobstructed edges exclude the normally working neighbors of failed edges. The traffic flow of unobstructed edges is obtained according to the multinomial logit model, which is calculated as formula (7) . 
where q ij (t + 1) is the traffic flow of edge ij at time t + 1. q ij (t) is the traffic flow of edge ij at time t. q ij (t + 1) is the distributed traffic flow from failed edge ij to node j given a green light in the period of each time step. t is the step size. t h is the average saturation headway when vehicles go through the intersection stop line. q jd (t + 1) is the traffic flow of edge j-d at time t + 1. q jd (t) is the flow of edge jd at time t. b is the total number of upstream failed neighbors of edge j-d. If edge jd is on the efficient k-th path between r and s, δ k jd = 1; otherwise, δ k jd = 0. c jd is the capacity of edge jd. d is the adjacent downstream node of node j, and n is the number of d.
The initial traffic flow of edges is obtained by investigation, and the traffic demand is loaded on the road network at each time step until the edge failure occurs. In the case of an edge failure, traffic assignment is conducted according to the hybrid routing strategy. The procedure for simulating the cascading failure process is as follows.
Step 1: Obtain basic data, such as the turning traffic flow of intersections and that of links, and the intersection signal timing scheme. Set parameters, such as the time step length t, θ , η, and the number of iterations.
Step 2: Update the edge weight matrix [e ij (t)] using formulas (2) and (5) .
Step 3: Load the new input traffic demand Q rs (t+1) between r and s on the urban road network at each time t according to multinomial logit model. The efficient paths at time t+1 are determined according to the edge weight matrix [e ij (t)] at time t. Then, calculate the edge traffic flow of different categories using formulas (7) , (8), (9) , and (10).
Step 4: Recognize the failed edge according to its weight and compute ω and E. If e ij = ∞, set m = m + 1. Check whether ω tends to be stable or iterations are completed. If yes, stop and output ω and E. If not, return to step 2.
Based on the above procedure, the algorithm for cascading failures is shown in Figure 3 .
IV. CASE STUDY
The process of cascading failures was analyzed in a small-scale urban road network in Changchun, China. This physical network with 22 links and 15 intersections (shown in Figure 4 ) is represented by an abstract network (shown in Figure 5 ) with 44 nodes and 83 edges using the method proposed in Section II. Basic data, such as geometric properties and signal period, are obtained by survey. Based on actual survey data from the partial road network, the parameter J in formula (2) was set to 0.5, and t h = 1.5 s. For the urban road network, the allocation parameter θ is set to 3.0 [31] , and η is set to 1.5. The turning traffic flow of intersections and links were collected during evening peak hours (17:00-18:00). Based on the survey data, the initial impedances of edges and the weight matrix of the road network are obtained. The OD demand matrix is estimated according to the surveyed edge traffic flow [32] , which is shown in Table 1 .
An increasing traffic demand will cause edge failure. With an increase in traffic demand every time step, the process of cascading failures is simulated. Assuming that the peak demand is Q, the demand is increased by 0.2Q every 10 minutes on the basis of the demand at the previous moment. With new input traffic demand loaded every 10 minutes, edges fail under different traffic demands, as shown in Figure 6 . The number of iterations is 15. From Figure 6 , when demand is low (less than or equal to 2.2Q), the edges that failed in sequence are not connected in space, and the layout of edges is scattered. With the increase in traffic demand, when the traffic demand is greater than or equal to 2.4Q, more traffic flow of the failed edges is transferred to their normally working neighbors. This leads to is 1.2Q. Many failed edges will not continue to deteriorate without loading new traffic demand. Then, they will return to normal working conditions because some of the traffic flow on these failed edges is transferred to their normally working neighbors. The urban road network is characterized by damage resistance through self-organizing behavior.
Some failed edges will not remain in the failed state at all times. For example, edge 31-33, with the largest traffic flow, malfunctions when the traffic demand is Q, 1.2Q, 1.4Q, 1.6Q, 1.8Q, 2.0Q, and 2.2Q. It returns to a normally working state when the traffic demand is 2.4Q. Although the traffic demand is increasing, edge 31-33 returns to normal. This phenomenon indicates that failed edges can heal themselves. It takes a long time to recover, especially for very congested edges.
The OD pair passing through edge 31-33 is 9→22. When edge 31-33 fails, its alternative combination of edges is edge 11-13 and 13-15. When the traffic demand is 1.8Q, edge 11-13 fails. Edge 13-15 fails when traffic demand is 2.6Q. It is indicated that after an edge failure, users will choose alternative edges or edge combinations. With increasing demand, alternative edge or edges combinations will ultimately fail.
We compared the results of the hybrid routing strategy and efficient path allocation strategy without considering self-organization (hereafter, the non-self-organization allocation strategy). The failed edges under different traffic demands with non-self-organization allocation strategy are shown in Figure 7 . Comparing Figures 6 and 7 , it is found that the failed edges with the hybrid routing strategy and the nonself-organization allocation strategy are different for the same traffic demand. In the cascading failure analysis, the selforganization characteristics of edges should be considered.
We compare the failure rate ω and the efficiency of the road network with the hybrid allocation strategy and the non-selforganization allocation strategy, and the results are shown in Figures 8 and 9 , respectively.
From Figure 8 , with the non-self-organization allocation strategy, the failure rate ω increases with the increase of traffic demand. However, with the hybrid allocation strategy, ω does not always increase with the increasing traffic demand. For example, when the total traffic demand is 1.6Q, ω is 0.23. When the total traffic demand is 1.8Q, ω decreases to 0.19. Edge self-organization can reduce the failure rate. The urban road network can resist a certain degree of damage by edge self-organization. Under the two allocation strategies, failure rates are different with the same traffic demand. Comparing the failure rate ω with the non-self-organization allocation strategy, ω with the hybrid allocation strategy is lower for the same traffic demand. This shows that it is critical to consider self-organization when analyzing cascading failures.
In Figure 9 , the efficiency of the urban road network is described by the whole-system travel time. From Figure 9 , the results indicate that the whole-system travel time with the hybrid allocation strategy and that with the non-self-organization allocation strategy first increase with the increase in total traffic demand and then decrease. The efficiency of the road network for a certain traffic demand is described by the whole-system travel time of the road network composed of all nonfailed edges at this time. With the increase in traffic demand, there are more failed edges.
The other edges of the road network will carry more traffic flow, and the whole-system travel time increases. When the traffic demand is high to a certain extent, there are few remaining normally working edges. Therefore, the total travel time of the road network composed of all nonfailed edges is reduced. For the same traffic demand, the wholesystem travel time with the hybrid allocation strategy is larger than that with the non-self-organization allocation strategy. Because the remaining normally working edges of the road network with the non-self-organization allocation strategy is less than the hybrid allocation strategy in the same demand.
V. CONCLUSION
In this paper, considering the self-organization of edges, a model is proposed for analyzing cascading failures in congested urban road networks. This model is established with a hybrid routing strategy which is adopted to distribute traffic flow on a real urban road network. The hybrid routing strategy considers not only the global information for distributing traffic flow on the whole road network but also congestion dissipation of failed edges related to the local information. In addition, in order to describe the cascading failure process more accurately, we use the dual method to abstract the urban road network structure. This method can describe different turning movements in intersections and then ensure the accuracy of the edge weight of the urban road network. In the case study, we analyze the evolution of cascading failures with increasing of traffic demand. It is indicates that edges have self-organization characteristics. Urban road networks are robust with edge self-organization. A large demand and fewer alternative paths will accelerate cascading failures.
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